Because of the increased consumer demand for organic products and expansion of organic production in the Canadian Prairies, development of organic cropping systems that help lower production costs and risks, while improving productivity and environmental sustainability is needed. A trial was conducted in the Brown soil zone (2010)(2011)(2012)(2013)(2014)(2015) to examine tillage intensity (low vs. high) in a simplified (wheat [Triticum aestivum L.]-green manure), and a diversified (wheat-oilseed-pulse-green manure) cropping system. Above-average precipitation in the years this trial was run resulted in high weed infestations and persistent increases in perennial weeds over time, especially under low tillage. Grain yield was highest at the beginning of the trial (2010 and 2011), and lowest in its final year (2015), which was drier than the rest. Yield variation was explained more by precipitation and soil nitrate levels than by weed infestations. Overall, wheat yields were higher under high than low tillage, and in the simplified than the diversified rotation. Over the duration of this trial, yields under low tillage averaged about three quarters of the yield in a nearby conventional zero-till trial. Protein concentration in wheat grain varied among years, and there was no negative association with yield, which might be explained by the release of mineralized N throughout the growing season. Protein was similar or higher than the average for commercial conventional wheat in this area. Based on observations in the wet years this trial was conducted, the low tillage treatment did not appear to be viable for more than a few years. Abbreviations: DR, diversified rotation; GM, forage pea green manure; HT, high tillage; LT, low tillage; SR, simplified rotation.
T he area devoted to organic agricultural production has grown significantly worldwide over the past decade, despite crop yields being reported to be lower with organic than with conventional management practices Campiglia et al., 2015; Ponisio et al., 2015) . Significant increases in organic production have also occurred in western Canada (Organic Agriculture Centre of Canada, 2017) . In southern Manitoba, Canada, Entz et al. (2005) reported that grain yields of flax (Linum usitatissimum L.) ranged from an average of 20 to 70% lower with organic vs. conventional management. Similarly, Benaragama et al. (2016a) reported that in west-central Saskatchewan, Canada organic management reduced the grain yield of cereal, pulse and oilseed crops by 32 and 35% compared to conventional systems that used reduced-and high-inputs, respectively. Further, Entz et al. (2001) reported, based on a survey of organic farms in eastern regions of the Canadian prairies (1991 to 1996) , that organic grain and forage yields ranged from one-half to almost double the conventional yields. In Maryland, Cavigelli et al. (2008) also reported that yields of corn (Zea mays L.) and soybean (Glycine max L. Merr.) were generally higher in conventional than organic systems, but there were no consistent differences in the yield of wheat (Triticum aestivum L.) among the management systems. Under the dry conditions of Montana, winter wheat grown in an organic system had similar or greater grain productivity and superior grain quality compared with well-fertilized winter wheat grown in a no-till cropping system (Miller et al., 2008) . These highly variable yield and quality differences being reported between organic and non-organic systems appear to depend on the specific management practices employed and the site characteristics (Campiglia et al., 2015; Seufert et al., 2012) .
Differences in environmental conditions primarily affect weed infestations and nitrogen supply in organic systems which, in turn, influence crop yields (Campiglia et al., 2015) . Benaragama et al. (2016a) determined that organic systems had 7× and 4× greater weed density and 32 and 35% lower yields than conventional systems that used reduced-or high-inputs, respectively, but the higher weed density over time did not result in a continuous decline in crop yields in the organic systems. However, Benaragama et al. (2016b) also showed that in the absence Grain Yield and Quality of Organic Crops Grown under Reduced Tillage and Diversified Sequences of weeds, the organic systems still produced 44% lower grain yields than the conventional systems, suggesting that the effect on yields could not be attributed to weed competition, but was mostly attributable to lower soil productivity. Armengot et al. (2015) also reported that despite weed increases in the reduced treatments in an organic trial in Switzerland, grain yields of various crops were similar for reduced and conventional tillage. The findings of Ryan et al. (2009) in Pennsylvania suggest that organic systems may be able to tolerate a greater abundance of weeds compared to conventional systems due to differing weed species compositions, and that differences in weed-crop competition among systems may be influenced by fertility management.
Regardless, weed management, especially of perennial thistles, has been reported as one of the most difficult challenges when growing crops under organic conditions. Once established, deep-rooted perennial weeds such as Canada thistle [Cirsium arvense (L.) Scop.] and perennial sow thistle (Sonchus arvensis L.) are very difficult to control (Sepp et al., 2009) . Concern by farmers of unmanageable high weed infestations is considered to be one of the major obstacles to conversion from conventional to organic farming, while the inability of organic no-till cropping systems to control perennial weeds has been identified as their greatest shortcoming (Carr et al., 2013; Mirsky et al., 2012) . Studies in other regions have also reported that reduced tillage practices resulted in higher weed infestations than more intensive tillage methods (Armengot et al., 2015; Gruber and Claupein, 2009; Krauss et al., 2010; Peigné et al., 2007; Vakali et al., 2011) . According to a meta-analysis by Cooper et al. (2016) , weeds were about 50% higher when tillage intensity was reduced, although this did not always impact crop yields. Results from a study in Switzerland by Sans et al. (2011) showed that winter wheat and spelt (Triticum spelta L.) yields were lower by 14 and 8%, respectively, with reduced tillage compared to conventional tillage, but that sunflower (Helianthus annuus L.) yield was unaffected by tillage method. Total weed cover at crop maturity in reduced tillage treatments was two to three times greater than in conventional treatments. The lower grain yields with reduced tillage were also attributed to lower N availability in spring and early summer due to retarded mineralization, with the higher weed cover possibly pre-empting soil N uptake. The high N demand of sunflower late in the season suggests that it can take up N released in late summer, which would explain its similar yield under the two tillage methods despite the reduced tillage treatment having more than double the weed cover.
In the Central Great Plains, Anderson (2005) found that no-tillage practices contributed to weed management compared to conventional tillage, which was attributed to greater levels of surface crop residues and increased weed seed exposure to environmental extremes, which would decrease seed viability. In southern Manitoba, a comparison of conventional-and organicmanaged plots showed that weed biomass and species richness were higher in the organic system under no-till management in the 5th yr of the study only (Halde et al., 2015) . In a trial in the eastern Canadian Prairies, Vaisman et al. (2011) often observed fewer weeds in wheat grown with no-till compared with tilled management. The higher mulch levels with no-till provided better weed suppression but resulted in some plant development delay. In Saskatchewan, Shirtliffe and Johnson (2012) reported that weed regrowth following termination of a pea (Pisum sativum L.) crop for green manure at early flowering was reduced with the use of roller crimping or mowing compared to tillage. However, subsequent wheat yields following the pea green manure crop were unaffected by the method of termination. Carr et al. (2011) reported that although annual weed growth can be suppressed by rolled and killed cover crops in the semiarid northern Great Plains, cover crop mulch is ineffective in controlling established perennial weed species.
Diverse crop rotations can reduce weeds by disrupting their life cycles. In a study in the Central Great Plains, Anderson (2010) reported that there was lower weed density in plots that had greater than two crop types being rotated. In a meta-analysis, Ponisio et al. (2015) found that crop yields under organic management were 19% lower than under conventional management, but through the use of multiple crop types and crop rotations the yield gap of organic systems could be reduced to just 8-9%.
Because of the increased demand by consumers for organic products and expansion of organic production in the Canadian Prairies, it is of interest to devise sustainable cropping systems for organic management for the Brown soil zone. Among other benefits, improvements in soil quality and microbial biomass were reported when tillage was reduced in organic systems (Carr et al., 2013; Krauss et al., 2010) . Beach et al. (2018) outlined the importance to the agroecosystem and farmers' expenses of reducing soil disturbance in organic agriculture, and the challenges in doing so. Developing strategies to help lower organic production costs and risks, while improving productivity and environmental sustainability, will be of great benefit to producers in this region.
The objectives of this multi-year study conducted in the Brown soil zone of western Canada were to determine if diversified crop rotations and reduced tillage under organic management can keep weed populations at low levels, maintain soil fertility and quality at adequate levels, and foster healthy plants for sustainable and profitable production of annual crops. In a companion paper, Fernandez et al. (2018) presented the soil fertility and quality observations, in addition to the environmental conditions during the 6 yr of this field study. This paper is focused on the grain yield and quality of the crops, and weed infestation levels.
mAterIAls And methods
The land where this trial was conducted had been organically managed under forage pea green manure (GM), with no chemical inputs for 2 yr prior to the initiation of the study in 2010.
The trial included two crop sequences × two tillage systems. Cropping sequences were simplified rotation (SR):GM-spring wheat; and diversified rotation (DR):GM-oilseed-pulsespring wheat. The oilseed crop alternated between flax and mustard (Sinapis alba L.), while the pulse crop alternated between field pea and lentil (Lens culinaris L.). The DR treatment started with field pea and flax in 2010. All phases of the rotations were present each year. Tillage systems were high tillage (HT) and low tillage (LT). In the spring of 2010 to 2015, the HT plots were cultivated at least once with a cultivator and/or tandem double disc, while the LT plots were worked primarily with a rotary hoe until 2013, with a cultivator in 2014, and with a cultivator and rodweeder in 2015. Fall tillage was performed after harvest with a cultivator in all plots in 2013, and with a cultivator in the HT plots and a noble blade in the LT plots in 2014 (Fernandez et al., 2018) . Despite changes in tillage practices in the last few years of the trial, the LT had a lower intensity and frequency of tillage than the HT treatment. In all years, at approximately 50% flowering, the forage pea was incorporated with two passes of a tandem double disk in the HT plots, and by mowing with a 3-gang mower in the LT plots.
The tillage-rotation systems were arranged in a randomized complete block design with four replicates, for a total of 48 plots. Plot size was 13.7 × 10.7 m, with 46 rows each.
cultivars, seeding rates, and dates
Cultivars were 'Lillian' hard red spring wheat, 'Vimy' flax, 'Andante' yellow mustard, 'CDC Sovereign' large green lentil, 'CDC Meadow' yellow field pea, and '4010' forage pea. For all crops, seeding rates were about 25% higher than what is normally recommended for conventional systems: for wheat 121, field pea 252, lentil 192, flax 47, mustard 15.4, and forage pea 269 kg ha -1 .
From 2010 to 2012, and in 2015 all plots were seeded from mid-May to early-June (Fernandez et al., 2018) , with a commercial air drill with high disturbance knives on a 22.9 cm row spacing. In 2013 and 2014, there was a difference of approximately 2 wk in seeding dates between the LT and HT plots, with the latter being seeded later to allow for more tillage.
crop growth, harvest, and grain yield and its components
The height of wheat plants was measured at physiological maturity from the ground to the top of the spike, excluding awns, at three random spots on each plot. An average per plot was calculated.
From 2013 to 2015, for crop and weed biomass determination, small areas were hand harvested in the "sampling areas" on both sides of the middle six rows of each plot at crop maturity. Plants were cut at ground level and removed from four randomly selected 0.25-m 2 sections taken from each plot and bulked together. Weeds were separated from the crop biomass, and all samples were oven dried at 60°C for 48 h. When the samples were dried to a moisture content of about 6%, dry weights of the crops, grass and broadleaf weeds were determined, and converted to kg ha -1 . Crop samples from each of the plots were finely ground (2 mm) and analyzed for N, P, and K concentration (Starr and Smith, 1978) .
Starting in 2013, for the first few weeks after seeding, when the Canada thistles and perennial sow-thistles started to flower they were cut approximately 10 cm above the ground to minimize their impact on the crops, and reduce their further spread and the eventual loss of the trial. The number of perennial thistles cut in each plot was recorded, and their density per unit area calculated.
All crops were harvested at the full-ripe stage, from early August to mid-October (Fernandez et al., 2018) . In most cases, the middle six rows in each plot were direct combined with a conventional combine. The straw was distributed on the plots by a paddle-type spreader attachment on the combine. The grain was dried to 12% moisture at 35°C, cleaned, and weighed to determine yield. In 2012, the field pea plots were swathed rather than direct combined. The harvested grain was oven-dried and the weight adjusted to a standard of 13.5% moisture.
Thousand-kernel weight was determined on a sample of 1000 kernels taken randomly from the harvested grain from each wheat plot. Test weight was measured using the methodology specified by the Canadian Grain Commission (2015) . Protein concentration of whole grains was determined by near-infrared scanning on a NIR System model 6500A (Fernandez et al., 2010) , which was calibrated with samples from the Grain Research Laboratory, Canadian Grain Commission (Winnipeg, MB, Canada).
comparison of grain yield and protein concentration between organic and conventional wheat
A conventional no-till long-term rotation study (started in 1987), located about 2 km away from our organic trial (Fernandez et al., 2016) , had the same hard red spring cultivar Lillian grown in various cropping sequences, two of which were similar to those in our organic trial. These consisted of wheat grown after Indianhead lentil manure or a field pea crop. The yield (2010) (2011) (2012) (2013) (2014) (2015) and protein (2011) (2012) (2013) (2014) (2015) data from our organic trial were compared with those in the conventional trial during the same years.
In addition, data on average grain yield for commercial fields of Lillian, from 2011 to 2015, were obtained from the Saskatchewan Crop Insurance Corporation (2016), for Risk Zone 10, located in southwest Saskatchewan and including the Rural Municipality where our trial was located. The wheat grain yield data from our organic trial were compared to the yield of these commercial crops.
Protein concentration in our organic trial was also compared to protein data obtained from commercial hard red spring wheat in southwest Saskatchewan (Canadian Grain Commission, 2017) . According to the information on acreage seeded to the most commonly grown cultivars relative to all other hard red spring cultivars, Lillian represented 57% in 2011, 62% in 2012, 50% in 2013, 39% in 2014, and 39% in 2015, of the acreage seeded to all hard red spring wheat cultivars in this area. Other common hard red spring cultivars grown in those years were Superb, Unity, Go, and Glenn, which are cultivars with only slightly lower protein concentration than Lillian (Saskatchewan Ministry of Agriculture, 2017).
statistical Analyses
All data were statistically analyzed by SAS version 9.3, as described by Littell et al. (2006) , using the PROC MIXED procedure. A system approach comprising of tillage, rotation, and crop was used in the model. The results from each year were analyzed separately with system and replication treated as fixed effect and random effect, respectively. Combined analysis was then performed considering the year as a repeated measure across time.
Weed biomass and Canada and sow thistle data were log transformed prior to analysis for normalization, and then back transformed for presentation of means. Multiple comparisons of treatment means were made using Tukey-Kramer's HSD test at 90% confidence intervals. Linear regression (PROC REG) was used to explore the relationship among cropping systems and the response variables (SAS Institute, Inc., 2008) . Model fit was evaluated by examining studentized residuals and Cook's distances calculated for each treatment. All tests were reported as significant at a P-value of 0.10.
results environmental conditions
A detailed description of the environmental conditions during the 6 yr of this trial was reported by Fernandez et al. (2018) . In most years of this study (2010) (2011) (2012) (2013) (2014) (2015) , harvest-to-harvest and growing season precipitation were higher than the long-term means for the area. Except for 2015, June precipitation was 140% greater than the long-term mean, indicating that crops were not stressed by lack of water during the early part of the growing seasons. In 2010, precipitation in the growing season (May-July) was 169% of the long-term mean. The year 2012 had the second highest May-June precipitation (214.3 mm) but lowest July precipitation (21.1 mm), while 2015 had the second highest precipitation for July (101.6 mm). Average mean temperatures for May-July were lowest for 2010 (13.6°C) and highest for 2015 (15.5°C).
wheat growth, grain yield, and its components
Average wheat grain yield over the 6 yr (2010-2015) of the trial was 2305 kg ha -1 . Yield for all treatments combined was highest in 2010, which was the first year of this trial (3820.6 kg ha -1 ), and in the following year, and lowest in 2015, the least favorable year for crop emergence and growth due to a dry spring and early summer (Table 1) For the analysis of the crop growth and yield, data from 2010 were excluded given that it was the first year of this trial. Although grain yields varied among years, wheat in the HT-SR system displayed the most stable yields over time (Table 1) . There were significant differences among tillage-rotation systems in all years, except 2013. Over the 2011-2015 period, wheat grain yields were significantly higher in the HT-SR (following GM) than in the LT-SR and HT-DR (the latter following a pulse crop) systems, with the lowest overall yield being observed in LT-DR. Grain yield in LT-DR represented only 59.1% of the yield in HT-SR.
Contrasts showed that for most individual years and for all 5 yr combined, regardless of crop rotation, wheat yields were significantly higher under HT than LT (2282.9 kg ha -1 vs. 1722.0 kg ha -1 , respectively) (Table 1) . Similarly, regardless of tillage method, wheat in the SR had higher yields than in the DR (2242.5 kg ha -1 vs. 1752.3 kg ha -1 , respectively).
There were volunteer plants from previous crops in the wheat plots of the DR treatment in some of the years. In 2013, volunteer pea plants produced 429.5 kg ha -1 of grain under HT and 484.4 kg ha -1 under LT. These volunteer plants likely affected subsequent wheat yields in the DR and played a role in the lack of a difference in wheat yields between the SR and DR. In 2014, there was a lower amount of volunteer lentil plants in wheat plots (mean of 31.1 kg ha -1 under HT and 65.7 kg ha -1 under LT).
Comparison of wheat productivity in our organic trial with that from the nearby conventional no-till trial for the same period, showed that average yields from the LT-SR treatment averaged 78.2% of the conventional wheat grown after Indianhead lentil green manure (2278.2 vs. 2914.4 kg ha -1 , for the organic and conventional wheat, respectively). Similarly, wheat yield from the organic LT-DR treatment averaged 72.1% of that from conventional wheat grown after a field pea crop (1810.6 vs. 2510.1 kg ha -1 , for organic and conventional wheat, respectively). Differences between the yields of organic wheat vs. the yields of conventional wheat varied across the years. Compared to the conventional wheat grown after Indianhead lentil green manure, the yield of organic wheat in LT-SR was 56% higher in 2010, but less than the conventional wheat in the remaining years (94% in 2011, 72% in 2012, and mean of 51% in 2013-2015) . Similarly, compared to conventional wheat grown after a field pea crop, the yield of organic wheat in LT-DR was Although there is no information on the agronomic practices for these commercial Lillian crops in any of the 5 yr, it is assumed that most of them were under non-organic reduced-till management. Based on these data, we estimated that the organic wheat yields averaged 85% of the commercial crops (2002.4 vs. 2323 .7 kg ha -1 , for organic wheat and wheat in Risk Zone 10, respectively). However, differences in average yield between the organic trial and the commercial fields varied across the 5 yr, from 131% in 2011, to 88, 83, 65, and 61% of the commercial wheat fields in each of the subsequent years, respectively.
In all years, there were differences among the tillage-rotation systems in wheat plant height (Table 2 ). In each of the years, the HT-SR system had the greatest, or among the greatest, height while the LT-DR system had the lowest, or among the lowest, height. There were no significant differences in plant height among the other tillage-rotation systems. Contrasts showed that for most years, plants under HT were taller than under LT, regardless of rotation, while SR had taller plants than DR, regardless of tillage method.
Overall, wheat biomass averaged 3933 kg ha -1 in 2013, 6668 kg ha -1 in 2014, and 2628 kg ha -1 in 2015. There were differences in wheat biomass among the tillage-rotation systems in 2014 and 2015 but not 2013 (data not presented). In 2014 and 2015, wheat biomass was greatest in the HT-SR system (in 2014: 8961 kg ha -1 vs. 5904 kg ha -1 for other systems; in 2015: 4149 kg ha -1 vs. 2121 kg ha -1 for other systems). These results were also confirmed by the contrast analysis and agree with the analysis of wheat grain yields for 2014 and 2015 (Table 1) .
Contrast analysis of macronutrient levels in the wheat biomass samples from 2013 to 2015 (data not presented), showed that average %N was higher under HT than LT in all 3 yr combined (0.54% for HT, 0.47% for LT), although this difference was not significant at P ≤ 0.10. These observations of %N in crop tissue among tillage-rotation systems agree with the soil NO 3 -N levels measured in the spring before seeding (Fernandez et al., 2018) . Very few differences among tillagerotation treatments were observed for %P and %K.
For 1000-kernel weight, there were no significant differences among the tillage-rotation systems in most years, except for 2012 and 2014; however, the latter differences were not consistent (Table 3) . Contrasts showed that for years and rotations combined, 1000-kernel weight was higher under LT than HT, which was attributed to a significant difference between tillage treatments in the SR. For years combined, 1000-kernel weight was also higher in the SR than DR under LT.
For test weight, there were either no significant differences among tillage-rotation systems or they were not consistent (data not presented). Contrasts also showed that the few significant differences between HT and LT, and between SR and DR, were not consistent. Average test weight for all years and tillagerotation systems was 79.6 kg hl -1 .
protein concentration in wheat grain
Average wheat protein concentration for all treatments and years in the organic trial was 14.2% (Table 4 ). In 2011, the highest mean protein content (15.9%) coincided with the highest grain yield (3155 kg ha -1 ) (Table 1) , while 2014 had the lowest protein content (11.8%) and the second lowest grain yield (1613 kg ha -1 ). The latter year had a lower mean air temperature during the growing season than , 2013 (Fernandez et al., 2018 . In 2013, average protein concentration was also lower (13.4%) than the 5-yr average and wheat yield was near average (2192 kg ha -1 ), while in 2015 mean protein concentration was above average (15.2%) but grain yield was below average (1212 kg ha -1 ). These 2 yr experienced lower growing season precipitation than the mean for the 5 yr, especially in the first part of the growing season of 2015. In 2012, protein concentration averaged 14.9% with slightly lower than average grain yields (1841 kg ha -1 ). This year had high levels of precipitation in the first part of the growing season, and average or above-average mean temperatures. When grain protein concentrations in the organic trial were compared to those for hard red spring wheat crops grown mostly with conventional management in southwest Saskatchewan (Canadian Grain Commission, 2017), the levels in the organic wheat were higher in most years by 9 to 26% (15.9% in the organic wheat vs. 12.6% in commercial wheat fields in 2011, 14.9% vs. 13.2% in 2012, 13.4% vs. 12.2% in 2013, and 15.2% vs. 13.9% in 2015). In 2014, the organic wheat protein averaged 10% lower than in commercial fields in southwestern Saskatchewan (11.8 vs. 13.1%).
For individual years or years combined, there were either no significant differences in protein concentration among tillage-rotation systems or these were not consistent (Table 4) . Contrasts showed that in 2013, for both rotations combined, average protein levels were significantly lower under LT than HT (12.7% for LT, 14.2% for HT), while in 2015 it was higher under LT than HT (15.7% for LT, 14.7% for HT).
For the same study period, a comparison of protein concentrations in the organic trial with those in the nearby conventional no-till trial revealed that wheat protein levels in the LT-SR treatment averaged 97.3% of that reported for wheat grown after Indianhead lentil green manure in the conventional trial (14.2% for organic vs. 14.6% for conventional). In contrast, wheat protein concentration in LT-DR averaged 106.0% of the conventional wheat grown after a field pea (14.1% for organic vs. 13.3% for conventional). Thus, for both crop rotations under LT management combined, organic wheat protein concentration was similar (100.7%) than in the conventional wheat grown after Indianhead lentil green manure or a pulse crop. Overall, the percentage protein concentration in the organic over the conventional wheat varied across years, from an average of 109.4% in 2011-2013 down to an average of 90.5% in 2014-2015.
plant growth and grain yield of the oilseed and pulse crops
Average grain yields of the non-cereal crops were highest in 2011, intermediate and similar in the following 3 yr, and lowest in 2015 (Table 5) . Contrasts showed that in 2013 and 2015, mustard yields were higher under HT than LT, while flax yields were higher under HT than LT in 2012 and 2014, although this difference was not significant in the latter year (P > 0.10). In contrast, lentil yielded more under LT than HT in 2011 and 2013, while field pea also yielded more under LT than HT in 2014.
The average biomass of the oilseed and pulse crops (data not presented) displayed the same general trends as for their grain yields (Table 5) . In most cases when crop biomass differed between the HT and LT, it was highest under HT for flax and mustard, and highest under LT for lentil and field pea.
Macronutrient concentration analyzed in 2014 and 2015 (data not presented) showed that, as expected, %N in the crop biomass was higher for pulses than for oilseeds (mean of 1.03% for pea, 0.33% for flax, 1.58% for lentil, and 1.33% for mustard), and also generally higher than in wheat. For %P and %K, differences among pulses and oilseeds were not consistent or significant.
Volunteer plants from the previous years were noticeably present in some plots and years. In 2011, volunteer flax yield in the lentil crops averaged 844.6 kg ha -1 in HT and 574.3 kg ha -1 in LT, representing as much flax as lentil harvested under HT (Table 5 ). In 2013, volunteer flax plants in the lentil plots yielded 131.1 kg ha -1 under HT and 12.4 kg ha -1 under LT, which would have contributed to the lower lentil yield under HT. In 2012, there were also mustard plants in the field pea plots yielding about 88 kg ha -1 under both tillage treatments.
weed biomass and perennial thistle density
The most common weeds observed in this trial were field pennycress (Thlaspi arvense L.), lamb's quarters (Chenopodium album L.), and redroot pigweed (Amaranthus retroflexus L.), in addition to Canada thistle [Cirsium arvense (L.) Scop.] and sow Higher than average moisture conditions in most years of this study (Fernandez et al., 2018) , resulted in high levels of weed biomass. Because of marked differences within and among replications, the analysis of weed biomass was conducted on the log transformed data. Table 6 shows the back transformed values. Overall, weed biomass was highest in 2012 and 2014, and lowest in 2013. As expected, weed biomass in the wheat plots was lower than in flax and field pea plots in 2012 and 2014, and also tended to be lower than in mustard and lentil plots in 2011, 2013, and 2015 . Weed biomass in the oilseeds and pulses was lower in the drier years of 2011, 2013, and 2015 than in 2012 and 2014. For all plots combined in each of the years, contrast analysis showed that weed biomass was significantly lower under HT than LT in 2012 LT in , 2014 LT in , and 2015 LT in (2012 .0 kg ha -1 vs. 1633.2 kg ha -1 ; 2014: 959.6 kg ha -1 vs. 1388.1 kg ha -1 ; 2015: 665.3 kg ha -1 vs. 998.7 kg ha -1 , for HT and LT, respectively), and for mustard in 2011 (Table 6 ). The opposite was true in 2011 for wheat in the SR and for lentil, as well as for mustard in 2013, where weed biomass was higher under HT than LT. The lower weed biomass in the LT than HT in the latter year might be attributed to the two week earlier seeding date of the LT treatment. Comparison of wheat plots in the SR and DR treatments showed that there were no differences in weed biomass under LT, while under HT weed biomass was lower in the SR than DR in 2012 and 2014.
Perennial thistles were first noted in 2012, especially in the LT plots, with levels becoming more pronounced in 2013, at which time we started cutting the flowering thistles and recording their numbers over the first weeks after seeding of the crops. There was also considerable variation among replicates and within each of the plots. The analysis of the log transformed data showed that for all plots combined, there was an increase of 12× in perennial thistle density from 2013 to 2014 (Table 7) . Despite the drier conditions in the first part of the summer of 2015, these perennial weeds were also present at high levels in that final year of this trial. For each of the years, thistle density in all plots combined was significantly higher for LT than HT (2013: 407 thistles ha -1 vs. 6006 thistles ha -1 ; 2014: 4495 thistles ha -1 vs. 70,159 thistles ha -1 ; 2015: 13,329 thistles ha -1 vs. 46,383 thistles ha -1 , for HT and LT, respectively). In regards to rotation treatments, overall for wheat plots in the 3 yr combined thistle numbers were similar for SR than DR.
Linear regression analyses conducted on grain yields and weed biomass, using precipitation levels and NO 3 -N in the 0-60 cm soil depth measured in spring as reported by Fernandez et al. (2018) , were in most cases significant. For wheat, precipitation in the growing season (April to August) and in the previous 12 mo explained 13 and 35%, respectively, of the yield variation, while NO 3 -N in the 0-60 cm soil depth in spring explained 22%. In contrast, weed biomass explained only 5% of the wheat yield variability. For weed biomass in the wheat plots, soil NO 3 -N explained 4%, while precipitation in the growing season or in the previous 12 mo explained only 3% of the weed biomass variability.
For other crops grown in 2011, 2103, and 2015, 64% of the mustard yield variability was explained by precipitation, while NO 3 -N explained 9% and weed biomass <1%. For weed biomass in mustard crops, NO 3 -N explained 19%, while precipitation explained <1%. For lentil, precipitation explained 22%, and weed biomass <1% of the yield variability, while for weed biomass in lentil plots, NO 3 -N explained <1%, while growing season precipitation 9%, and the previous 12-mo precipitation 14%.
For other crops grown in 2012 and 2014, NO 3 -N at 0-60 cm explained 45% of the flax yield variability, weed biomass 15%, and precipitation <1%. For weed biomass in flax, NO 3 -N explained 12% and precipitation <1%. For field pea, precipitation explained 15%, and weed biomass 3%, of the yield variability, while for weed biomass in field pea plots, NO 3 -N explained 28% and precipitation 2%.
dIscussIon
The grain yield of wheat in this organic trial decreased steadily over the years. A comparison of wheat yields in the organic trial with those in similar cropping sequences in a nearby conventional no-till study showed a higher yield of the ‡ Values in a column followed by the same letter are not significantly different according to the Tukey-Kramer mean separation (P ≤ 0.10).
former in the first year of the trial. Although the yields of the organic were lower than those of the conventional wheat in the following years, initially differences were not large even though the conventional trial had fertilizer applied at recommended rates as needed and herbicides to control weeds. Similarly, comparison of the yields of the organic wheat with those of the same cultivar in commercial fields in Risk Zone 10 revealed an initial higher yield of the organic wheat down to lower yields that differed increasingly over time from the commercial wheat. Because of lower performance of the organic wheat in the last years of this trial, over the full study period the organic wheat yielded an average of three quarters of the conventional wheat in the no-till study, and an average of 85% of the commercial crops. In contrast, the grain yield of the oilseed and pulse crops did not appear to experience the same decline over the years. Similar results from the tillage treatments were observed among years, despite differences in environmental conditions and frequency and intensity of tillage operations (Fernandez et al., 2018) . Even though tillage operations were increased in the LT treatments starting in 2013, wheat yields were consistently highest, and in most cases weed biomass was lowest, under HT. The lower wheat yields and reduced plant height in the LT treatments coincided with lower soil NO 3 -N levels, presented by Fernandez et al. (2018) and/or higher weed biomass. The 1000-kernel weight values suggested that the higher grain yield of wheat under HT than LT should be primarily attributed to a greater number of spikes and/or kernels under HT, while conversely higher kernel weights coincided with lower yields under LT. In regards to the non-cereal crops, whenever there was a difference between HT and LT, grain yields under HT were also higher for flax and mustard, but higher under LT for lentil and field pea.
The increase in perennial thistles, especially under LT, agrees with Armengot et al. (2015) who reported that the abundance of these weeds almost doubled over time under reduced tillage compared to intensive tillage. This is attributed to increased seed accumulation in the soil surface and lack of disruption of underground vegetative organs when tillage is reduced (Gruber and Claupein, 2009 ). In 2013, dry conditions for approximately 2 wk after seeding the LT plots may have contributed to the marked increase of perennial thistles compared to other weeds. These weeds have a deep taproot system which allows for water uptake from greater depths, so they would not have been affected as much by the dry conditions. The delay in crop emergence and growth in the LT plots would have resulted in less competition for the thistles.
Total weed biomass and perennial thistle density suggest that reduced tillage affected the proliferation and establishment of Canada and sow thistles more than other weed species. Total weed biomass appeared to have been affected more by environmental conditions and the competitiveness of the crops, while perennial weeds, once well established, appeared to be affected more by tillage practice than by the environment.
Overall differences in weed biomass between the SR and DR were not significant, but grain yields were higher under SR and HT than the other tillage-rotations combinations. Benaragama et al. (2016a) reported that the low diversity organic rotation in the study at Scott, SK had the lowest weed density, but yields were similar to those in the diversified annual grain rotations.
According to the linear regression analyses, factors other than weed infestation levels had the greatest impact on the yield variation of most crops. Factors that explained the greatest portion of the variability in the yields of wheat (2011 to 2015) and mustard (2011, 2013, and 2015) were precipitation, especially in the previous 12 mo, and soil NO 3 -N in the spring, while variability in flax yield (2012 and 2014) was explained mostly by NO 3 -N, followed by weed biomass. The greater impact of precipitation on mustard yield might be explained by the lower levels of precipitation in 2 of the 3 yr this crop was grown (2013 and 2015) compared to flax which was grown in two of the most wet years (2012 and 2014) (Fernandez et al., 2018) . The similar role of precipitation in lentil (2011, 2013, and 2015) and field pea (2012 and 2014) yields likely reflects the less favorable growing conditions when grown after the oilseed crops. In most cases, factors other than those analyzed here also likely affected yields. These include crop management, non-N factors affecting crop growth, and above-and below-ground diseases (Fernandez et al., 2014a (Fernandez et al., , 2014b , among others. In most cases, the regressions also showed that soil NO 3 -N could explain some of the weed biomass. Weeds appeared to be present at higher levels in treatments with lower NO 3 -N and lower crop yields (LT). Weed growth might have also contributed to a further decline in soil NO 3 -N in those plots. In contrast, precipitation explained very little of the variability in weed biomass for most of the crops, which might be attributable to the above-average moisture conditions during much of the trial. Cavigelli et al. (2008) reported that according to multiple regressions, low N availability explained 70 to 75%, while weed competition explained 21 to 25%, of the lower corn yields in organic than conventional systems. In contrast, for soybean, weed competition accounted for the yield difference between organic and conventional systems. As suggested by Ryan et al. (2009) , organic systems may be able to tolerate a greater abundance of weeds compared to conventional systems, and fertility within organic systems may influence the weed-crop competition. However, in our trial, it is not known how much of the increase in perennial weeds in the last 3 yr would have further affected crop yield had most of them not been manually cut during the early stages of crop growth.
In our study, the observed decrease in wheat yield with time, whether due to nutrient levels (Fernandez et al., 2018) and/or weed infestations, suggests that growing wheat organically alternated with GM, although resulting in acceptable yields in the short term, might not be enough to maintain productivity in the longer term. Further, our results also showed that more diversified rotations with GM every 4 yr would be even more inefficient at achieving wheat yields compared to conventional production. However, the lower yielding LT and DR treatments tended to have greater levels of soil organic C in addition to lower levels of erodible soil particles, and more water stable soil aggregates (Fernandez et al., 2018) . Thus, a different strategy for increasing soil NO 3 -N would be needed without compromising soil quality. Protein concentration in wheat also varied among years, although it did not follow the same trend as grain yields, or soil NO 3 -N in the spring (Fernandez et al., 2018) . Both low temperatures and water deficits after flowering were reported to negatively affect protein content in organic winter wheat grown in France (Casagrande et al., 2009) , and in our trial this might help explain the lower protein concentration in 2014 (with below average temperature), and higher than average protein in 2015 (with high temperatures and precipitation in July), which had the lowest grain yield of all years.
Despite the lower spring soil NO 3 -N levels under LT than HT, which was attributed to lower mineralization due to slower decomposition of plant residues and less soil moisture (Fernandez et al., 2018) , protein was mostly similar among treatments. This suggests that there might have been further N uptake by the crop later in the growing season.
Comparison of protein concentration in the organic wheat with that of commercial wheat crops grown in the region showed that protein in the former was in most years higher than the regional average by 9 to 26%. This is in contrast to the wheat grain yields during the same time period. In comparison to the results from the nearby conventional no-till study, protein concentration in the organic wheat following GM was higher in the first 3 yr of our study, and only slightly lower (by 3%) over the full study period. The observation that protein in the organic wheat grown after a pulse crop was 6% higher than in the conventional zero-till trial suggests that wheat grown organically after a grain pulse was more efficient at producing higher protein grain than conventional wheat in the same sequence.
The differences among years in wheat yield and protein concentration suggest that there was no negative association between them, in contrast to what is commonly observed in conventional systems typically receiving synthetic fertilizer (DePauw et al., 2007) . This might be explained by the release of mineralized N throughout the season in organic systems from the previous GM or pulse crop. However, this would not explain the differences in protein concentration between the organic wheat and the nearby conventional no-till wheat grown in similar sequences. This suggests that there might have been other factors associated with organic management that facilitated N uptake by wheat throughout the growing season resulting in higher protein concentration than what would have been expected.
Although this study was conducted in the Brown soil zone where annual precipitation is traditionally limited and highly ‡ Values in a column followed by the same letter are not significantly different according to the Tukey-Kramer mean separation (P ≤ 0.10). Logtransformed data were used to perform this analysis, the backtransformed values are presented.
variable, it coincided with persistent above-average precipitation levels, especially in the first 3 yr, and a very unfavorable rainfall pattern in 2015 (Fernandez et al., 2018) . Based on the results obtained in years with consistently above-average precipitation, the LT treatment did not appear to be viable under those conditions for more than a few years, after which intensive tillage would be needed to achieve adequate perennial weed control. Regardless of their immediate impact on crop yields, the steady increases in perennial weeds over time such as we observed in our trial would likely eventually impair crop growth significantly, especially if crop development is affected by lower soil NO 3 -N levels and unfavorable environmental conditions. However, more typical environmental conditions for this area may alter the results obtained in this study. Under non-organic management, occasional strategic tillage could be used to manage problems arising from no-till management practices, such as the build-up of herbicide resistant weeds, and stratification of nutrients and organic C near the soil surface, without significant long-term impacts on the soil (Dang et al., 2015) . Under reduced tillage for organic crop production, the occasional use of more intensive and frequent tillage could help mitigate the potential adverse effects of perennial weeds when their levels become unmanageable with less soil disturbance methods, in addition to contributing to increased N mineralization. Therefore, flexibility remains necessary in regards to reduced tillage practice in organic cropping systems when perennial weeds need to be better controlled to minimize their effect on crop growth.
